Abstract. Domain structures of small pseudo-single domain (PSD) magnetite near the Verwey transition (Tv) at •120 K were modeled using an unconstrained three-dimensional micromagnetic algorithm. The single-domain (SD) threshold (do) for the monoclinic phase below Tv was calculated to be m0.14/•m at 110 K. However, it is postulated that as a result of the very high energy barriers in the monoclinic phase, grains near do in size and in vortex states are unlikely to denucleate domain walls to become SD. Low-temperature cycling of saturation isothermal remanence (SIRM), thermoremanence (TRM), and partial TRM (pTRM) through Tv was simulated. Domain structures were found to align along the monoclinic "easy" magnetocrystalline anisotropy axis, i.e., the ½ axis, on simulated cooling through Tv. This process was found to "destroy" SIRM structures giving rise to demagnetization; however, for TRM and pTRM structures only "closure" domains were removed increasing magnetostatic leakage giving rise to a reversible anomaly in rough agreement with experimental studies. SIRM displayed a smaller anomaly at Tv, in agreement with experimental studies.
Introduction
Magnetite undergoes a phase transition at 120-124 K called the Verwey transition, Tv [Verwey, 1939] , while at 130 K the first cubic-magnetocrystalline anisotropy constant (K1) passes through an isotropic point Tk [Bickford et al., 1957] . On zero-field cooling of rocks to temperatures below Tv the magnetic remanence carried by multidomain (MD) magnetite grains partially demagnetizes leaving a relatively stable remanence [Heider et al., 1992; McClelland and Shcherbakov, 1995] .
The nature and origin of this stable, low-temperature demagnetized remanence are of great interest to paleomagnetists because isolated hard magnetic remanences have been associated with primary remanences [Ozirna et al., 1964; Kobayashi and Fuller, 1968] .
Previous attempts to understand the demagnetization processes during cooling have been purely experimental, usually consisting of measuring the be-
Brief Review of the Verwey Transition
The Verwey transition has recently been extensively reviewed from a rock magnetic perspective [Dunlop and Ozdemir, 1997; Muxworthy and McClelland, 1999b ]; here only a brief summary is given. On cooling through Tv, magnetite's crystallographic structure changes from cubic above T• to a monoclinic structure on cooling through T• [Otsuka and Sato, 1986] . There is also a small anomaly in the spontaneous magnetization (Ms) [Belov, 1993; Muxworthy and McClelland, 1999b] , which can be explained in terms of the magnetoelectronic model of the Verwey transition [Belov, 1993] . 
Discrete Micromagnetic Model
The basic algorithm used to model the results in this paper was fully described by Wright et al. [1997] . Here a only a brief description of the algorithm and the changes made to accommodate the low-temperature phase are given. To simulate low-temperature cycling of thermoremanences, it was necessary to include the temperature dependency of the various parameters be- 
where He is the external field with magnitude H and direction q•n and On, I•o is the permeability of free space, A is the exchange constant, and I-Ia,i is the magnetic field at the location mi due to each magnetic dipole in the system. Above room temperature, A(T) was taken to vary as MJ '7 (T) [Heider and Williams, 1988 
Orientation of Magnetic Moments in Vortex Structures in the Monoclinic Phase
On cooling through Tv, the large increase in intensity of the magnetocrystalline anisotropy and the reduction in symmetry cause the the magnetic moments to align in the a plane at all times, even in domain walls and in the center of vortex structures. For example, in the cubic phase at room temperature the surface moments of a vortex structure in a 0.1/•m grain align along the direction of the grain boundaries (Figure 11a) ; however, on cooling to below the Verwey transition the surface moments rotate into the a plane, i.e., away from the hard a axis (Figure 11b On cooling below Tv the domain structure changes radically, the magnetic moments aligning away from the a axis. In behavior similar to the other grain sizes,
SIRMx rotates toward the c, z axis (0 = 44ø), while
SIRMz is rotated away from the z axis (0 = 37 ø) (Figure 13 
Comparison With Experimental Results
Because the grain size under consideration, i.e., _< 0.6 pm, is less than the lower limit of domain observation [Pokhil and Moskowitz, 1997] , direct comparisons with observational data cannot be made. However, the simulated low-temperature behavior of remanent magnetization and the magnetic memory ratio, i.e., the ratio of (remanence memory/remanence), can be compared with experimental results from the literature. The model in this paper considered only dislocationfree magnetite cubes; because of this it is preferable to consider experimental results from synthetic samples prepared by hydrothermal recrystallization which are know to have exceptionally low-internal dislocation densities [Heider et al., 1988] .
Remanent Magnetization Versus Temperature
The simulated low-temperature cycling results for a 0.3 pm cubic grain is shown in Figure 14 . To our knowledge the most reliable set of low-temperature cycling results for a PSD hydrothermal sample induced with both TRM and SIRM is by Muxworthy [1998] and Muxworthy and McClelland [1999a] for an assemblage of randomly oriented crystals with mean grain size 7.5 pm (c = 3.0 pm) (Figure 15 ). Although the hydrothermal sample size is larger than the model grain size, its SIRM thermomagnetic curve (Figure 15 ) is typical for small MD grains in the range 0.1-10 pm [e.g., Halgedahl and Jarrard, 1995; King, 1996] .
There is rough agreement between the experimental trends and simulated low-temperature cycling behavior (Figures 14 and 15) Simulations of low-temperature cycling display trends that are in rough agreement with experimental studies. The low-temperature behavior of remanence is found to be strongly controlled by the change in the magnetocrystalline anisotropy and by the orientation of the magnetization with respect to the monoclinic c axis. Central body domain structures are found to rotate toward the c axis on cooling through T, while energetically unfavorable closure domain structures are destroyed. The removal of the closure domains gives rise to increased remanence and a corresponding anomaly in the thermomagnetic low-temperature curve. The orientation of the larger central body domains was found to be partially reversible on heating back through T, Closure domains correspondingly return, giving rise to a large reversible anomaly at T, in agreement with recent experimental observations. The low-temperature simulations of various initial remanences display similar relationships to experimental resuits; that is thermoremanences display larger anomalies at Tv than SIRM. There is no evidence from the models to suggest that Tk controls the demagnetization process during low-temperature cycling.
